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INTRODUCTION

EGFRvMII is a tumor specific, ligand-independent, constitutively active variant of

the epidermal growth factor receptor (1-7). Its expression has been detected in gliomas

and various other human malignancies, including breast cancer (8-15). However, no

detectable level of EGFRvIII has been observed in adult tissues, including normal breast

tissues (12, 15).

This is a final report of grant DAMD17-99-1-9206. In the original proposal, we

proposed three aims; 1) To determine the expression of EGFRvIII and correlation with

clinicopathological prognostic factors in human breast cancer specimens; 2) To test the

hypothesis that over-expression of EGFRvIII is capable of increasing the malignancy and

metastatic potential of breast cancer cells; and 3) To test the hypothesis that down-

regulation of EGFRvIII expression in breast cancer cells will reduce the tumorigenicity.

We have completed all the proposed aims and we have published two manuscripts. In this

final report, we will summarize and out line the research findings. Detailed descriptions

please see the attached two manuscripts. In addition to these two manuscripts, we also

examined the frequency of EGFRvIII protein expression immunohistochemically in over

seven hundred primary breast cancer specimens with a specific EGFRvIII mAb on both

tissue microarray and paraffin embedded specimens. The following, we described the

findings for the immunohistochemical analysis study.
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BODY

High frequency of EGFR VIII expyression in human primary breast cancer specimens

To evaluate the importance of EGFRvII expression in human breast cancer, we

examined the frequency of EGFRvII protein expression immunohistochemically in

paraffin embedded specimens. We examined EGFRvIII expression

immunohistochemically in specimens from three different institutes, which including 196

patients' paraffin embedded breast tissue specimens, as well as tissue array specimens

obtained from 612 cases of primary breast cancer specimens. All specimens were graded

by pathologists and classified into three groups: 1. Normal and benign lesions; 2. Ductal

Carmnoma In Situ (DCIS); 3. Infiltrating carcinoma (including moderately differentiated

and poorly differentiated invasive carcinoma). High frequency of EGFRvHI expression

was observed in human invasive breast cancer. Statistical analysis were performed with

combined all the invasive breast samples from three different institutes to compare the

distribution of EGFRvII expression in this set of invasive breast carcinoma. Total of 721

cases, 2 5% (178/721) detected weak staining of EGFRvIl, majority of them exhibited

moderate EGFRvIL 42% (305/721) and 5% (35/721) of these invasive breast cancer

detected strong EGFRvIH expression. As shown in Table 1, the invasive tissues from

each institution have similar distributions of expression levels for EGFRvUI. Table 1

clearly indicates that EGFRvIII expression is associated with disease progression. The

statistical analysis indicates the expression of EGFRvIJ associated with more malignant

breast tumors remains significant, as shown in Table 1 (p-0.0001). Among samples with

negative expression, the percentages of each tissue type decreases with increasing disease

status. The samples with positive expression levels have percentages that increase as
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disease status increases. It is noteworthy (Strikingly), 88% (9/11) of lymph node

specimens expressing EGFRvII. This indicates that EGFRvilI expression is strongly

associated with breast cancer progression. S ince, Manitoba is the only institution that

provided samples from all tissue types. The numbers of samples for each expression

level from the Manitoba tissues alone are displayed in Table 2. EGFRvJIL is significantly

associated with increasing invasiveness (p < 0.0001) with positive expression occurring

in no samples (0%) of normal tissue, 18 DCIS samples (47%), and 74 (76%) of the

invasive cancer samples. Also notice specifically that the percentages of weak positive

and positive increase with disease progression.

Table 1 Numbers of Invasive Cancer Samples Expressing EGFRvHI by Institutions

Invasive Tissue

ALL LCC MAN NIH

N(%) N (%) N N(%)

EGFRvm 721 (100) 50(100) 97(100) 574(100)

Negative 203 (28), 18(36) 23 (24) 162 (28)

Weak Positive 178 (25) 8(16) 25 (26) 145 (25)

Positive 305 (42) 17(34) 41(42) 247 (43)

Strong Positive 35 (5) 7(14) 8 (8) 20(3)

Not Readable 38 0 0 38

'Percentages did not include samples that were not readable.

1. Lombardi Cancer Center (LCC)

2. Manitoba (MAN)

3. National Institute of Health (NIH)
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Table 2. Numbers of Samples Expressing EGFRvIII by Expression Strength and

Tissue Type for Samples from Manitoba

EGFRvmI expression in Manitoba's sample

Marker Tissue Type
All Normal DCIS Invasive P-Value

N(%) N(%) N(%) N(%)

146(100) 11 (100) 38(100) 97(100)

EGFRvUI <0.0001

Negative 53 (36) 11(100) 20(53) 23 (24)

Weak Positive 33 (23) 0(0) 7 (18) 25 (26)

Positive 49(34) 0(0) 8 (21) 41(42)

Strong Positive 11 (8) 0(0) 3(8) 8(8)

EGFRvHI expression inversely, correlated with PR status in breast carcinoma

ER and PR status are known prognostic or predictive factor in invasive breast

carcinoma; we were interested to evaluate the correlate of EGFRvIII expression with ER

and PR. Because, we did not obtain the ER/PR data from the set of NIH tissue micro

array samples, we evaluated total of 137 cases from LCC and Manitoba samples. Table 3

provides the statistical analysis of ER and PR status and their association with EGFRvIII

status. As illustrated in Table 3, for ER, EGFRvIII expression did not correlate with ER

status in breast tumor. The EGFRvlII+/ER+ and EGFRvMI-/ER- were not statistically

different from each other. However, we found an inverse correlation between EGFRvIII

expression and PR expression. (p = 0.02). PR negative was seen in 47% (65/137) of the
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total data set. We found a 78% rate of PR negative among EGFRvIII+ cases verses 22%

rate among EGFRvIII-.cases (p= 0.02). As expression of EGFRvIII increases, fewer

samples express PR.

Table 3. Numbers of Tissue Samples with ER and PR Status Available by Institution

Total ER + ER- PR+ PR-

N (%) N (%) N (%) N(%) N (%)

All Institutions 137 (100) 77(100) 60 (100) 72 (100) 65 (100)

LCC* 50 (36) 37 (48) 13 (22) 36 (50) 14 (22)

MAN 87 (64) 40 (52)• 47(78) -36 (50) 51 (78)

NIH 0(0) 0(0) 0(0) 0(0) 0(0)

Taken all together, a remarkable aspect of this present study is that we found that

EGFRvIII expression is associated with more aggressive invasive breast cancer and

EGFRvIII expression may indicate disease progression. We detected EGFRvLII

expression in 4 7% o f DCIS, 72% of invasive breast carcinoma and 88% of metastatic

lymph node specimens. No expression of EGFRvIII was detected in normal/benign breast

tissues. Collectively, these results provide the strong evidence that EGFRvIII could play a

pivotal role in human breast cancer progression.
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KEY RESEARCH ACCOMPLISHMENTS

Generated a functional active ribozyme targeting the novel junction of

EGFRvyII.

* Demonstrate the therapeutic efficacy of an anti-EGFRvIll hammerhead

ribozyme targeting the endogenous EGFRvIII expression in human breast

cancer cells in vitro and in vivo.

Expression of EGFRvAII in breast cancer MCF-7 cells reveals constitutively

activated EGFRvLII and induces autophosphorylation of ErbB-2.

* Expression of EGFRVIII in breast cancer MCF-7 cells enhances proliferation

and increases the spectrum and potency of ligand-mediated proliferation in

vitro and induces tumorigenicity in vivo.

* By utilization of laser capture mierodissection/RT-PCR state of art

tehenology, we were able to detect high frequency of co-expression of

EGFRwt with EGFRvIII mRNA in primary invasive breast carcinoma

specimens.

EGFR wt expression displays a menbrane staining, whereas the EGFRvIII

exhibits a predominantly cytoplamic staining and some nuclear staining as

well.

* EGFRvUI expression is associated with more aggressive invasive breast

cancer and EGFRvLII expression may indicate disease progression.

• Detailed descriptions please see attached two manuscripts.
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REPORTABLE OUTCOMES

We have published two manuscripts and three abstracts resulted from the award.

Copies of these manuscripts are included in the appendix of this final report. I have

acknowledged U.S. Army Medical Research and Materiel Command, Breast Cancer

Research Program in all two manuscripts and three abstracts for the support of my

research.

Original Articles:

1. Hong Ge, Xiaoqi Gong and *Careen K. Tang. (2002) High Incidence of Co-
expression of EGFRwt and EGFRvIII Transcripts in Human Invasive Breast
Cancer Tissue By Laser Capture Microdissection/RT-PCR. International Journal
of Cancer, 98:357-361.

2. Luo X.Y, Gong X.Q. and Tang C.K. * "Ribozyme Targeting the Novel Junction
of EGFRvIII mRNA Inhibits Breast Cancer Cell Proliferation and
Tumorigenesis". (2003) International Journal of Cancer, 104,716-721.

Abstracts:

1. X. Q. Gong, D. K. Moscatello, A. J. Wong, M. E. Lippman, and C. K. Tang.
"EGFRvHII Enhances Tumorigenicity in Human Breast Cancer". In Proceedings of
American Association for Cancer Research, 2000, Vol. 41: #2907, pp. 456.

2. H. Ge, X. Q. Gong, M. E. Lip pman, and C. K. Tang. "Profiling of Differentially
Expressed Genes Medated By EGFRvII in Human Breast Cancer. 'In Proceedings
of American Association for Cancer Research, 2000, Vol. 41: #2911, pp. 457.

3. Xunyi Luo, Xiaoqi Gong, Marc E. Lippman and Careen K. Tang. "Ribozyme
Targeting of Deletion-Mutant Epidermal Growth Factor Receptor Messenger RNA
Inhibits Growth of Breast Cancer Cells in vitro and in vivo" In Proceedings of
American Association for Cancer Research, 2001, Vol. 42:#3374, pp.628.
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CONCLUSION

To our knowledge, the accomplished results from this proposal are original. These

studies provided the first evidence that EGFRvIII play a pivotal role in breast cancer

progression. It is the first report that high frequency of co-expression wild-type EGFR

with EGFRvIH in primary invasive breast carcinomas (Manuscript published in IJC

(2002)). Furthermore, it is also the first demonstration of the therapeutic efficacy of an

anti-EGFRvlII hammerhead ribozyme targeting the endogenous EGFRvAII expression

against human breast cancer cells in vitro and in vivo (Manuscript published in UC

(2003)). These results have provided valuable insights in the role of EGFRvLII in breast

cancer. These studies have been led to a new direction of breast cancer research.

Therefore, we have successfully accomplished the all the goals outlined in the proposed

research project. We are grateful to the U.S. Army Medical Research and Material

Command, Breast Cancer Research Program for the research support of this proposal.
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EVIDENCE OF HIGH INCIDENCE OF EGFRvIII EXPRESSION AND
COEXPRESSION WITH EGFR IN HUMAN INVASIVE BREAST CANCER BY
LASER CAPTURE MICRODISSECTION AND IMMUNOHISTOCHEMICAL
ANALYSIS
Hong GE, Xiaoqi GONG and Careen K. TANG*

"Department of Oncology, Lombardi Cancer Center, Georgetown University Medical Center, Washington, DC, USA

EGFRvIll was first reported in human glioblastomas. Sub- combined with RT-PCR detection. The PixCell LCM, a newly
sequent reports indicated EGFRvIII protein to be frequently developed state-of-the-art technique, allows precise capture of
detected in several other human cancers, but not in normal specific cells from tissues comprising mixed cell types.17.1s LCMI
tissues. Our previous studies suggested that EGFRvIII could can procure pure cell populations for molecular analysis by adher-
induce a transformation from ligand-dependent non-tumor-
igenic cell line to ligand-independent malignant phenotype puse.17 -2o By apl ying this themwelwetic able to preer
cells in vitro and in vivo. Transfection of EGFRvIII in MCF-7 By applying this technique, we were able to preferen-
cell line resulted in a 3-fold Increase in colony formation and tially select "pure" breast cancer cells from mixed cell populations
significantly enhanced tumorigenicity in nude mice (p < of breast tissues for genetic study. As a result, we detected a high
0.001). EGFRvIII could also Induce ErbB-2 phosphorylation. incidence (67.8%) of EGFRvmII transcripts in primary invasive
The existence and significance of EGFRvIII transcript in hu- breast cancers by LCM but not in normal breast tissue. These
man breast cancer, however, was not reported. In our study, results confirmed the presence of EGFRvIlI in human breast
we detected the presence of EGFRvIII mRNA and revealed a cancer. We believe that these findings will have significant impli-
high Incidence (67.8%) of EGFRvIII transcript in human pri- cations in breast cancer research, diagnosis, and treatment.
mary invasive breast cancer by utilizing laser capture micro-
dissection (LCMH)RT-PCR to capture pure breast cancer
cells. In addition, 57.1% of the infiltrating breast carcinomas MATERIAL AND METHODS
expressed both EGFRwt and EGFRvIII mRNA in the same Tissue collection and laser capture microdissection
tumor. There Is no detectable EGFRvIIl mRNA in normal
breast tissue. Evaluation of the EGFRwt and EGFRvIII pro- Representative sections of breast cancer tissues from 28 patients
tein levels in the same sample sets by immunohistochemical were collected and frozen in cryo vials by submersion in liquid
analysis further confirmed the LCMIRT-PCR finding. Our nitrogen and stored at -80°C. Frozen tissues were cut as 5 pan
study provides first direct evidence of high incidence of co- sections and mounted on plain glass slides. The slides were then
expression of EGFRvIll and EGFRwt in human invasive breast hematoxylin-eosin (HE) stained and dehydrated in graded alcohol
cancer tissue. The unique characteristics and high prevalence and xylene. Laser capture microdissection (LCM) was performed
of EGFRvIII in Invasive human breast cancer as well as ne on the stained sections using a PixCell laser capture microscope
ative expression In normal breast may suggest Its important
role in breast carcinogenesis and make it an ideally potential (Arcturus Engineering Inc., Mountain View, CA) as described
target for treatment of breast cancer without Interrupting previously.17-' 9 The tissue section was overlaid with a thermoplas-
normal EGFR signaling. tic polymer membrane mounted on optically transparent caps.
a 2002 Wiley-Liss, Inc. Cancer cells were captured by focal melting of the membrane

through laser activation.
Key words: EGFRvlII; EGFR; LCM; breast cancer

RWA extraction and RT-PCR analysis of EGFRvHIi and EGFR

Development and progression of breast cancer may result from After microdissection, the cap with laser captured tiny tissue
an accumulation of varied aberrations of genes and their products. was put in a microtube. Total RNA was isolated by using a Micro
Detecting and understanding important molecules will address RNA Isolation Kit (Stratagene, La Jolla, CA). The RNA wasresuspended in 13.5 p.1 DEPC-H2 0. cDNA synthesis was per-
their roles in carcinogenesis and may be considered to be the formed at 42C for 50 mmi with 12.5 cD1(0.2-I pig) of RNA, 2.5
prerequisite for the genesis of molecular therapeutics in breast fomeL andom 5exmes and 10 0 U of Rcrp 2(i
cancer treatment. Overexpression of epidermal growth factor re- pTcno/L random hexamers, and 100 U of SuperScript Io ( Life
ceptor (EGFR) has been detected in a variety of human cancers Technologies, Inc.,Bethesda, MD) in a final volume of 20plo PCR
with 15-90% detection rates, and therefore, it has been thought a was performed with Taq DNA polymerase (Life Technologies,
possible candidate for cancer therapy.'- 6 A relationship between Inc.). Samples were incubated at 940C for 3 min and followed by
overexpression of EGFR and increased metastatic potential and 30-35 cycles at 94°C for 45 sec, 600C for 45 sec, and 72*C for 2
poor prognosis in breast cancers has been reported.7.8 EGFRvIII, mi. A final extension was added at 720C for 7 min PCR products
the most common deletion receptor of EGFRwt, was first reported
S in human glioblastomas. 9 -" Subsequently, a few reports demon- Grant sponsor. United States Army; Grant number: DAMD 17-99-1-
strated that EGFRvIII protein was also detected in other human 9206; Grant sponsor: Lombardi Cancer Research Center Histopathology,
cancers, -including breast, ovarian, lung, and medulloblasto- Macromolecular Synthesis/Sequencing and Microscopy/Imaging Shared
mas,12"13 but not in normal tissue.13,14 In our previous studies, we Resource Facility; Grant number:. P30-CA-51008.
have observed a high incidence of EGFRvI[I protein (62%) in
human invasive breast cancer and demonstrated a significantly *enhanced tumorigenicity in EGFRvlIU transfected MCF-7 breast *Correspondence to: Georgetown University Medical Center, E512 Re-

search Building, 3970 Reservoir Rd. NW, Washington DC 20007, USA.
cancer cells in nude mice.15,16 Studies to confirm the presence and Fax: +202-687-7505. E-mail: Tangc@georgetown.edu
significance of EGFRvIU transcript and protein in breast cancer,
however, are still underdeveloped.

To further confirm our early immunohistochemistry results and Received 6 August 2001; Revised 19 October 2001; Accepted 13 No-vember 2001
to ascertain EGFRvM mRNA expression in human breast cancer

tissue to explore the possible role of EGFRvIII in breast cancer
genetics, we applied the laser capture microdissection (LCM) Published online 15 January 2002
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were revealed on agarose gel or re-amplified by a nested 3' primer TABLE I - SUMMARY OF DETECTION OF EGFR mRNA AND EGFRvM
prime. prmersmRNA EXPRESSION IN HUMAN PRIMARY INFILTRATING BREAST

and the same 5' primer. The sequences of the PCR primers are: CARCINOMA BY LCMJRT-PCR TECHNOLOGY
5'-ATGCGACCCTCCGOGACG-3' (forward), 5'-GAGTATGT-GTAGAT3 rees)ad5-GGAC1CGT- Expression of EGFRmRNA or No. of Positivel
GTGAAGGAGT-3' (reverse) and 5'-GGGAAGCITrrCCGTrA- r mEGFv mRNA Total of Evaluated
CACACITrGCG-3' (nested primer). Human GAPDH primers
were used as an internal control. None 1/28(3.6%)

EGFR wild-type 8V28 (28.6%)
Subcloning the RT-PCR product and sequence analysis EGFRvII 3/28 (10.7%)

RT-PCR product was directly subcloned into pcDNA 3.1 vector EGFR wild-type + EGFRvm 16/28(57.1%)

by using TA Cloning kit (Invitrogen, Carlsbad, CA). The cloning
reaction includes 1 pi! of vector, 5 p.l of RT-PCR product, 1 p.l of
T4 ligase and 1ox ligase buffer and the total volume adjusted to from a 42-year-old woman was used to determine whether or not
10 p1 for 16'C, over night. The product was transformed into E. EGFRwt or EGFRvIII were expressed. Figure 2b depicts the
coli competent cells and mini-plasmid preparation was performed. normal breast tissue to express neither wildtype nor mutant form of
Sequence analysis was done in automated sequencer with T7- EGFR.
primer. In these 28 cases of invasive breast cancer specimens, we

Imnunohistochemistry observed some to express EGFR wt mRNA only, and others to
express the mutant form EGFRvIII. Interestingly, a majority of

Paraffin-embedded sections of primary invasive tumors were breast cancer tissues detected both mutant and wildtype EGFR
deparaffinized in xylene for 5 min. For frozen sections, acetone mRNA in the same tumor. Figure 2c demonstrated representative
was used for fixation. After a brief rinse in I X phosphate-buffered results of the invasive breast carcinoma tissue samples for
saline (PBS), the specimens were then subjected to staining. Two EGFRwt mRNA only (Case 200), mutant form EGFRvII (Case
different specific antibodies were used for our study. One of them 531) and coexpression of EGFRIEGFRvLII (Cases 657 and 680).
is specific for wildtype EGFR (Ab-3, Neomarker, CA) for frozen These results indicate the presence of a heterozygote of this
section only and the other one is specific for EGFRvUI (Ab-18, receptor in breast cancer. The heterozygotes displayed varied
Neomarker) for paraffin section only. Their specificity were as- intensities in both wildtype and mutant forms. Table I summarizes
sessed by utilizing EGFR or EGFRvM transfected NIH3T3 cells, the LCM/RT-PCR results. Wildtype EGFR mRNA was only de-
as well as breast cancer cell lines. For paraffin embedded speci- tected in 28.6% (8128) specimens of primary invasive breast can-
mens, we used the anti-EGFRvm (Ab-18) monoclonal antibody, cers whereas 10.7% (3/28) specimens expressed EGFRvM
which appears to recognize EGFRvmI only, but not wildtype mRNA only. The most revealing finding from this set of experi-
EGFR. For frozen sections, we used an anti-EGFR (Ab-3) mono- ments was that, 57.1% (16/28) of the infiltrating breast carcinomas
clonal antibody, which only reacts with wildtype EGFR, but notEGFRvmI. Both EGFR (Ab-3) and EGFRvIII (Ab-18) antibodlies expressed both EGFRwt and EGFRvIII mRNA in the same breast

not recognizeBother EGF -fanil receptors. Aftr wasingtite tumor. Only 1 case expressed neither detectable levels of EGFRwt
do not recognize other EGF-family receptors. After washing with nor EGFRvMI by RT-PCR. The GAPDH in this case, however,
PBS, a horseradish peroxidase-conjugated goat anti-mouse IgG was detected with similar levels as in all other cases.
(H+L) secondary antibody (Kirkegard & Perry Lab. Gaithersburg,
MD) was used at a dilution of 1/250 for 30 min. Finally, color was Verification of the EGFRvII1 expression in breast cancer
developed using diaminobenzidine (DAB) (BioGenex, San To further identify and verify the deletion junction sequence of
Ramon, CA) and section were then counterstained with hematox- the LCM/RT-PCR product, the 225-bp EGFRvII fragment was
ylin (VWR). subcloned and sequenced. The sequence of this 225-bp fragment

derived from infiltrating breast carcinoma matched the published
RESULTS EGFRvIH sequence with a 801 bp deletion in the extracellular

Laser capture of breast cancer cells ligand binding domain, creating a glycine at the splicing position

In our study, a total of 28 cases of primary invasive breast as that noted in human glioblastoma (Fig. 2de).

cancers were subjected to LCM/RT-PCR analysis. Breast cancer Detection of EGFRvIII and EGFR protein coexpression in
cells were captured from breast cancer tissues by laser transfer breast cancer
from modified hematoxylin-eosin (HE) stained specimens. Figure
1 illustrates laser transfer of breast cancer cells from 2 represen- The same set of primary invasive breast cancer specimens,
tative cases. Case 1 (Fig. la-c) is a poorly differentiated breat subjected to LCM/RT-PCR studies, were used to assess the protein
carcinoma, and the cancer cells infiltrated into normal stroma levels of EGFRwt and EGFRvIn by immunohistochemical (IHC)
network. LCM was able to successfully microdissect the individual analysis. We have characterized a specific EGFRvII (Ab-18)

cancer cells from tumor tissue. For Case 2 (Fig. ld-J), a nest of monoclonal antibody. As shown in Table IM antibody EGFRvIII

infiltrated cancer cells surrounded by non-tumor tissue were trans- (Ab-18) specific recognizes EGFRvIII but not the wildtype EGFR

ferred. Thus, LCM specifically captures only the cancer cells and protein. In addition, this antibody does not cross react with other

avoids the surrounding stroma elements. EGF-family receptors (Table 11). Therefore, this specific antibody
was used for all the immunohistochemical analysis studies in our

Identification of EGFRvII and coexpression of EGFRIEGFRvlIl study. We also characterized a panel of commercially available
mRNA in breast cancer tissues EGFR antibodies. EGFR (Ab-3) monoclonal antibody appears

The laser captured cancer cells were subsequently subjected to only recognizes the wildtype EGFR but not the EGFRvIII receptor.
RNA isolation, followed by reverse transcription and nested PCR This EGFR (Ab-3) does not cross react with other EGF-family
amplifications. A control experiment was performed to verify the receptors (Table II).
specificity of the primers for PCR amplification (Fig. 2a). RNAs A total of 21 cases of frozen sections of breast cancer tissues
from our previous EGFR and EGFRvMII transfected hematopoietic were available for determination of EGFRwt expression with this
cells (32D cells), as well as EGFRvII transfected human breast well-characterized specific anti-EGFRwt monoclonal antibody
cancer cell line MCF-7 cells were used as positive controls.15 RNA (Ab-3). As summarized in Table mI, EGFR wt expression was
from ErbB-2 and ErbB-3 cotransfected 32D cells was used as detected in 61.9% (13/21) specimens of primary invasive breast
negative control. As expected, the wildtype EGFR mRNA dis- cancers, most of which displayed membrane immunoreactivity of
played a 1026-bp fragment and the EGFRvIn mRNA displayed a variable intensities (Fig. 3a). There wasino cytoplasmic reactivity
shortened 225-bp fragment. No PCR products were detected from noted in EGFRwt staining. The same set of mirror image paraffin
ErbB-2+ErbB-3 transfected 32D cells. A normal breast tissue embedded tissues was also used to analyze EGFlIvT1I expression
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FIGuRE 1 - LCM transfer of human breast cancer cells from frozen d e
tissues. (a,d) Two images of infiltrated breast cancer sections. (b,e) GAA,.AQ-'"?A'IU1GOCACA

Images of transferred cancer cells onto polymer films of Capture. (cf) N- Ie SO =GA

Surrounding tissues that remain on slides after LCM. 160

with EGFRvIII monoclonal antibody (Ab-18). EGFRvflI expression N-c
was detected in 57.8% (11/19) specimens (Table I1). EGFRvIII,
however, displayed an intracellular localization in contrast to the
plasma membrane location of the wildtype EGFR (Fig. 3b). Over- FIGuRE 2 - (a) A control experiment for EGFRvIII and EGFR in cell
all, the immunostaining results were in concordance with LCM/ lines. RNAs isolated from EGFRvII and EGFR transfected 32D cells,
RT-PCR data (Table IV). Comparing the wildtype EGFR mRNA as well as EGFRvII transfected MCF-7 cells were used as positive

controls. RNAs isolated from ErbB-2 and ErbB-3 cotransfected 32Dto EGFR protein, 14 of 21 cases were exactly matched (Table IV). cells were used as a negative control. RT-PCR and nest PCR were
Six out of 21 wildtype cases were detected only at the mRNA performed for these samples. As illustrated in this ethidium bromide
level, but no increased protein content by immunological evalua- gel, the EGFR mRNA (1026 bp) and EGFRvIII mRNA (225 bp) was
tion. A similar observation resulted from the comparison of EGFR- detected in EGFR and EGFRvIH transfected 32D cell lines, respec-
viii mRNA to EGFRvIII protein (Table IV). It seems that LCM/ tively. No products were detected in ErbB-2+ ErbB-3 transfected 32D
RT-PCR is more sensitive than immunostaining as expected. cells. (b) Normal breast tissue do not express detectable levels of

EGFR and EGFRvIII. (c) Detection of EGFRvHII mRNA in primary
infiltrating breast cancer specimens. RNA were extracted from Laser

DISCUSSION Capture Microdissected breast cancer tissues and subjected to RT-PCR
technique, which allows us to and nest PCR. Case 200 exhibited a 1026 bp product (wildtype

In our study, by applying LCM tecEGFR). Case 531 contained a 225 bp product (EGFRvIm), whereas
exclusively obtain the pure breast cancer cells from mixed cell Case 657 and 680 contained both 1026 bp (wildtype EGFR) and 225
populations of breast tissues, we definitively demonstrate the ex- bp (EGFRvIII) products. (d) Schematic representation of the structure
istence of EGFRvIH mRNA in human invasive breast cancer of EGFR and EGFRvIII gene. EGFRviII shows a 801 bp (267 amino
tissue. EGFRvIII is a ligand-independent, constitutively active acid) deletion in the extracellular domain of the EGFR gene. (e)
variant of the epidermal growth factor receptor. Its expression has Sequence analysis of a 225-bp RT-PCR fragment from LCM of human
been detected in many human malignancies including breast can- breast cancer specimen confirms the deletion sequence of EGFRvmfl.
cer. Our previous studies and reports by others have shown that The triangle indicates the deletion junction sequence.
EGFRvIII protein is detected in over 60% of primary invasive
breast cancer.15,20 Our early studies also clearly demonstrated
EGFRvIH to be capable of transforming a non-tumorigenic, IL-3- a b
dependent murine hematopoietic cell line (32D cells) into an
IL-3-independent and ligand-independent malignant phenotype in
vitro and in vivo. Such profound transforming activity has not been
observed with any homo- or hetero-dimers of wildtype ErbB-
family receptors in this system. 16 Transfection and expression of
EGFRvHII in human breast cancer cell line (MCF-7) induced
approximately a 3-fold increase in colony formation and signifi-
cantly enhanced tumorigenicity of MCF-7 cells in athymic nude
mice (p < 0.001).16 In addition, ErbB-2 phosphorylation was
enhanced in EGFRvIII transfected MCF-7 cells, which indicated
that EGFRvmII could activate ErbB-2 kinase activity.16 Collec- FI.ulE 3-Arepresentative of immunochemical analysis of primary
tively, these results provide the direct evidence that EGFRv][II human infiltrated breast carcinoma specimens with specific antibodiescould play a pivotal role in human breast cancer genetics. To against EGFR or EGFRvIII. Counterstaining with hematoxylin were
confirm the presence of EGFRvIII in breast cancer clinical spec- used for viewing negative stained cells (blue). (a) EGFR immunore-
imens, we utilized the Laser Capture Microdissection/RT-PCR, to activity shows in cellular membranes (brown). (b) EGFRvIII positive
successfully and clearly demonstrate the existence of EGFRvHI stained cells shows in cytoplasms.

BEST AVAILABLE COPY
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TABLE 11- SPECIFICITY OF THE EGFR AND EGFRvflI ANTIBODIES

Cell line EGFR ErbB-2 ErbB-3 ErbB-4 EGFRvlnI Reactivity with aEGFRvM(Ab-18) Reactivity with aEGFR (Ab-3)

NIH/EGFR ++++ . . . +
NIH/EGFRvIII .. . . ++++ +
MCF-7 -++ ++ ++ + ++++ -

MCF7/EGFRvII -+ + ++ ... .... ++++ +
MDA-MB-468 +.+ + + + + + - - +
MDA-MB-453 - ++ ++ +. + + + -

TABLE III - SUMMARY OF EGFR AND EGFRvIII mRNA AND PROTEINS TABLE IV- COMPARISON OF EGFR AND EGFRvII moRNA AND PROTEIN
EXPRESSIONS IN HUMAN BREAST CANCER SPECIMENS BY LCM/RT-PCR EXPRESSION BY LCM/RT-PCR AND ROUTINE IHC TECHNIQUES IN HUMAN o

AND IMMUNOCHEMICAL ANALYSIS BREAST CANCER SPECIMENS

Expresson LCM/RT-PCR % IHC %(# positive/ Case EGFR mRNA EGFR protein EGFRvIII mRNA EGFRvIII protein
(rnENA or proteins) (# positive/ (LCM/RT-PCR) (IHC) (LCM/RT-PCR) (IHC)

total # of evaluated) te

181 + ND ' -

EGFR wt 85.7% (24/28) 61.9% (13/21) 191 - ND + -/+
EGFRvIII 67.8% (19/28) 57.8% (11/19) 194 - ND + -/+

200 + + - -

212 + _2 _

mRNA in breast cancer tissues. Due to the tiny tissue obtained 218 + + - ND283 + + - +
from LCM, we found in some cases, that wildtype or mutant 3 + + - +312 - + - +
fragments were difficult to detect in the first PCR amplification. 323 + + + +
The second nest PCR, however, was helpful in revealing both 330 + + - -
wildtype and mutant bands. The design of a nest PCR contributed 368 + + + -

greatly to demonstrate coexpression of wildtype and mutant re- 403 + _2 + +
ceptors of EGFR. No detectable levels of EGFRvIII could be 474 + + + +
detected in 1 normal breast tissue even with a nested PCR. The 493 + 2 + +
high prevalence of EGFRvmI in invasive human breast cancer 508 + + + +
supports that EGFRvHI may play an important role in breast 515 + + + ND

cancer progression. Moreover, the coexistence of EGFRvIII and 523 + N2 + ND
525 + ND + +FGER mRNA in the same tumor at such a high percentage [57. 1% 531 ±_+ -- ___ + +

(16/28)] of the infiltrating breast carcinomas in breast cancer cells 543 + ±2 + +
was unexpected (Fig. 2c, Cases 657 and 680). In addition, the 617 + - + ND
intensities of the RT-PCR bands between the EGFRwt and the 657 + + + ND
EGFRvfl fragments were varied in different cases, it will be 680 + + + ND
interesting to quantitatively verify whether the alteration of this 883 - - + +
receptor is associated with progress of the disease. 897 + + - -

We further assessed the coexpression of EGFR and EGFRvIII at 1ND, not valuable.-- 2Only a few cells (<1%) show positive
the protein level by immunohistochemical (IHC) analysis with staining.
specific antibodies against EGFR or EGFRvHI in the same set of
breast cancer specimens. Overall, the results correlated well with
LCM/RT-PCR. Several cases show definitely positive results by Despite the high frequency of EGFRvIII expression in primary
LCM/RT-PCR, but relatively faint or no obvious staining by IHC invasive breast cancer specimens, we observed that most of these
analysis. It is reasonable that LCM/RT-PCR is more sensitive than cell lines express EGFRvHI in vivo, but not it in vitro. In vitro, the'
immunostaining (Table III), because polymerase chain reaction is cells were cultured in IMEM, supplemented with 10% FBS and
a very efficient method in amplifying gene, whereas immunohis- 1% glutamine at 37°C, 5% CO2 incubator as published elsewhere.
tochemistry detection only reveals the protein, which is overex- Obviously, it is not due to technical problem in culture. Similar
pressed. There are 2 cases showing discrepant results (Cases 283 findings were also reported in human glioblastoma. Virtually, all
and 312). We are not sure of the reason for these discrepancies. cell lines derived from primary glioma tumor lose EGFRvHI
Reports from early studies regard the EGFR overexpression in expression in tissue culture.22 It was suggested that either a growth
human breast cancer varies between 15-90%. As we now know disadvantage in vitro or a selection for EGFRvHI overexpression
that most commercially available antibodies to EGFR are able to in vivo. 23 It is very possible that there are some critical factors,
recognize both wildtype and mutant EGFR that raises a concern on which might facilitate the EGFRvIII expression in vivo, but that
the antibody selection. Therefore, some previous publications on are Missing in vitro.
the interpretations of EGFR overexpression in breast cancer may It has been well documented that the EGFRwt is a membrane
be questionable, in which the overexpression may only attribute to receptor, 24 whereas EGFRvIH mainly expresses in the cytoplasmic
the wildtype EGFR, and the detection of EGFRvIII was over- in breast tumor tissues. Similar observations have been reported in
looked. In brain tumor, it was found that EGFR overexpression human glioblastoma tumors, where EGFRvlII is expressed exclu-
was associated with a mutant form of EGFR,°0.'1 with the most sively in the cytoplasm. 25 As shown in Figure 3, the EGFRwt
common mutant form of EGFRvmI. 21 These results support our displays a membrane staining, whereas the EGFRvHII exhibits a
present findings. Although the double staining is not available in predominantly cytoplasmic staining and some nuclear staining as
our study due to the limitation in the application of antibodies, our well in primary invasive breast cancer tissues. The altered subcel-
LCM/RT-PCR result is a strong support for co-presence of EGFR- lular location of EGFRvfII in breast cancer may suggest that the
vIii and EGFR. Hence, our present studies provide information trafficking, signaling, recycling, as well as degradation of the
that spontaneous alteration of EGFR mRNA occurs in the breast mutant receptor may somehow differ from its wildtype form and
cancer. The coexistence of EGFR and EGFRvIII in cancer cells leads to cytoplasmic location. The changed subcellular location
may reflect transitions or progressions of tumor behavior. To our may attribute to a sustained tyrosine kinase activity, which man-
knowledge, this is the first observation for EGFRvlII/EGFRwt ifests a more potent, aggressive and oncogenic effect in human
coexpressing in breast cancer, cancer. Recent report also indicated that EGFRvIII receptor-recep-
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tor self-association is highly dependent on a conformation induced EGFRwt and EGFRvIII mRNA and protein are frequently detected
by N-linked glycosylation. Ligand-independent dimerization of in human primary invasive breast cancer. No detectable levels of
the EGFRvII is contingent upon core glycosylation.26 Phospho- EGFRvIII were detected in a normal breast tissue, which was
rylation-induced conformation change results in exposure of se- tested. Although our samples are limited, the high percentage of
quence motifs involved in endocytic and lysosomal sorting and EGFRvIII expression may implicate its possible role in the patho-
such unmasking is thought to be obligatory for receptor downregu- genesis of breast cancer. In addition, we successfully amplified >1
lation.27 Further functional and biological analysis, as well 'as kb fragments by LCM/RT-PCR, thus extending the fragment limit
trafficking and signaling is likely to provide comprehensive in- size reported by utilizing LCM/RT-PCR technology. Considering
sights for the role of EGFRvmI in breast cancer, the high frequency of this receptor alteration, as well as the unique

LCM is a powerful technology. It exclusively obtained the pure distributions of the receptor makes it a compelling target for
breast cancer cells from mixed cell populations of breast tissues, therapeutic strategies without interfering with normal signaling.
Other techniques, such as Southern or Northern Blotting and RNA We believe that our study provides useful information on molec-
protection assay will only provide the information from whole ular genetics and potential target for breast cancer.
breast tissue, but not from pure cancer cells, which may make it
difficult to interpret result. This issue is avoided by LCM selection
for exclusive malignant cell, and the result is more accurate. In ACKNOWLEDGEMENT
addition, because RNA is likely to be degraded through prolonged
exposure at room temperature after a series of experimental pro- This work was supported by the United States Army Medical
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paired starting materials. Histopathology, Macromolecular Synthesis/Sequencing and Mi-

In summary, our study provides the evidence that a spontaneous croscopy/Imaging Shared Resource Facility, U.S. Public Health
alteration of EGFR occurs in breast cancer. Coexpression 'of Service Grant P30-CA-51008.

REFERENCES

1. Libermann TA, Nusbaum HR, Razon N, et al. Amplification, en- against EGFRvIII are tumor specific and react with breast and lung
hanced expression and possible rearrangement of EGF receptor gene carcinomas and malignant gliomas. Cancer Res 1995;55:3140-8.
in primary human brain tumors of glial origin. Nature 1985;313: 15. Gong XG, Moscatello DK, Wong AJ, et al. EGFRvHII enhances
144-7. tumorigenicity in human breast cancer. Proc Annu Meet Am Assoc

2. Ozanne B, Richards CS, Hendler F, et al. Overexpression of the EGF Cancer Res 2000;41:2907, p 456.
receptor is a hallmark of squamous cell carcinomas. J Pathol 1986; 16. Tang CK, Gong XG, Moscatello DK, et al. Epidermal growth factor
149:9-14. receptor viii enhances tumorigenicity in human breast cancer. Cancer

3. Berger MS, Greenfield C, Gullick WJ, et al. Evaluation of epidermal Res 2000;60:3081-7.
growth factor receptors in bladder tumors. Br J Cancer 1987;56: 17. Emmert-Buck MR, Bonner RF, Smith PD, et al Laser capture mi-
533-7. crodissection. Science 1996;274:998-1001.

4. Gullick WJ. Prevalence of aberrant expression of the epidermal 18. Bonnet RF, Emmert-Buck M, Cole K, et al. Laser capture microdis-
growth factor receptor in human cancer cells. Br Wed Bull 1991;47: section: molecular analysis of tissue. Science 1997; 279:1481-3.
87-98. 19. Goldsworthy SM, Stockton PS, Trempus CS, et al. Effects of fixation

5. Salomon DS, Brandt R, Ciardiello F, et al. Epidermal growth factor- on RNA extraction and amplification from laser capture microdis-
related peptides and their receptors in human malignancies. Crit Rev sected tissue. Mol Carcinog 1999;25:86-91.
Oncol Hematol 1995;19:183-232. 20. Fend F, Quintanilla-Martinez L, Kumar S, et al. Composite low grade

6. Mendelsohn I, Baselga J. The EGF receptor family as targets for B-cell lymphomas with 2 immunophenotypically distinct cell popu-
cancer therapy. Oncogene 2000;19:6550-65. lations are true biclonal lymphoma: a molecular analysis using laser

7. Harris AL, Nicholson S. Epidermal growth factor in breast cancer. capture microdissection. Am J Pathol 1999;154:1857-66.
Boston: Kluwer Press, 1987. 93-118. 21. Frederick L, Wang X, Eley G, et al. Diversity and frequency of

8. Klijn JG, Betas PM, Schmitz Pl, et al. The clinical significance of epidermal growth factor receptor mutations in human glioblastomas.
epidermal growth factor receptor (EGF-R) in human breast cancer- a Cancer Res 2000;60:1383-7.
review on 5232 patients. Endocr Rev 1992;13:3-17. 22. Filmus J, Pollak MN, Cairncross JG, et al Amplified, overexpressed and

9. Yamazaki H, Fukui Y, Ueyama Y, et al. A deletion mutation within rearranged epidermal growth factor receptor gene in a human astrocy-
the ligand-binding domain is responsible for activation of epidermal toma cell line. Biochem Biophys Res Commun 1985;131:207-15.
growth factor receptor gene in human brain tumors. Mol Cell Biol 23. Nishikawa R, Ji XD, Harmon RC, et al. A mutant epidermal growth
1988;8:1816-20. factor receptor common in human glioma confers enhanced tumori-

10. Ekstrand AJ, Sugawa N, James CD, et al. Amplified and rearranged genicity. Proc Natl Acad Sci USA 1994;91:7727-31.
epidermal growth factor receptor genes in human glioblastomas reveal 24. Hackel PO, Zwick E, Prenzel N, et al. A epidermal growth factor
deletion of sequences encoding portions of the N-or C-terminal tails, receptors: critical mediators of multiple receptor pathways. Curr Opin
Proc Natl Acad Sci USA 1992;89:4309-13. Cell Biol 1999;11:184-9.

11. Wong AJ, Ruppert JM, Bigner SH, et al. Structural alterations of the 25. Ekstrand AJ, Liu L, He J, et al. Altered su'bcellular location of an
epidermal growth factor receptor gene in human gliomas. Proc Nati activated and tumor-associated epidermal growth factor receptor. On-
Acad Sci USA 1992;89:2965-9. cogene 1995;10-1455-60.

12. Garcia de Palazzo IE, Adams GP, Sundareshan P, et al. Expression of 26. Fernandes H, Cohen S, Bishayee S. Glycosylation-induced conforma-
mutated epidermal growth factor receptor by non-small cell lung tional modification positively regulates receptor-receptor association.
carcinomas. Cancer Res 1993;53:3217-20. J Biol Chem 2001;276:5375-83.

13. Moscatello DK, Holgado-Madruga M, Godwin AK, et al. Frequent 27. Kasai T, Shimajiri S, Hashimoto H. Detection of SYT-SSX fusion
expression of a mutant epidermal growth factor receptor in multiple transcripts in both epithelial and spindle cell areas of biphasic syno-
human tumors. Cancer Res 1995;55:5536-9. vial sarcoma using laser capture microdissection. J Clin Pathol Mol

14. Wikstrand CJ, Hale LP, Batra SK, et al. Monoclonal antibodies Pathol 2000;53:107-10.



Int. J. Cancer: 104, 716-721 (2003) Publication of the International Union Against Cancer

C 2003 Wiley-Liss, Inc.

SUPPRESSION OF EGFRvIJI-MEDIATED PROLIFERATION AND
TUMORIGENESIS OF BREAST CANCER CELLS BY RIBOZYME

Xunyi Luo, Xiaoqi GONG and Careen K. TANG*

Loinbardi Cancer Center, Department of Oncology, Georgetown University Medical Center, Washington, DC, USA

EGFRvIII is a tumor specific, ligand-independent, constitu- cells results in inhibition of proliferation, and reduction of tumor-
* tively active variant of the epidermal growth factor receptor. igenicity in athymic nude mice. Furthermore, this ribozyme has no

Its expression has been detected in many human malignan- effects on the expression of EGF-family receptors and prolifera-
les including breast cancer. No detectable level of EGFRvII tion in MCF-7JLCC2 breast cancer cells, which do not express

has, however, been observed in adult tissues, including nor- EGFRvTI but express wild-type EGFR and other EGF-family
mal breast tissues. These unique features of the EGFRvIII
make it an excellent target for biologically based therapies. receptors. These results suggest that we have generated a tumor-
We have designed and generated a tumor specific ribozyme specific biologically functional ribozyme and further demonstrate
targeted to EGFRvIII. This specific EGFRvIII ribozyme is able that EGFRvIII plays a significant role in breast cancer cell prolif-
to effectively cleave EGFRvIII mRNA under physiological eration.
conditions in a cell-free system, but does not cleave wild-type
EGFR and other EGF-family receptors. While expressing this
EGFRvIII-ribozyme in breast cancer cells, EGFRvlII.ri- MATERIAL AMD METHODS
bozyme is capable of downregulating endogenous EGFRvIII Cell lines and cell culture
expression at the mRNA and protein levels. Inhibition of
proliferation was observed in EGFRvlll-ribozyme transfec- MDA435/LCC-6, MCF-7ILCC-216.17 were generously provided
tants. In addition, downregulation of EGFRvIII in breast can. by R. Clarke (Georgetown University Medical Center). MCF-7/
cer cells significantly inhibited tumor growth In athymic nude EGFRvAII breast carcinoma cell lines12 and their derivatives were
mice. Furthermore, this ribozyme has no effect on EGF- maintained in I1MEM (Cellgro), supplemented with 10% FBS
family receptor expression or the proliferation of breast can- (Biofluids, Rockville, MD).
cer cells, which do not express EGFRvIII but express wild-
type EGFR and other EGF-family receptors. These results Generation of EGFRvIIJ ribozyme
suggest that we have generated a tumor-specific, biologically
functional ribozyme and further demonstrate that EGFRvIII We selcted the ribozyme target site the novel junction sequence
plays a significant role in breast cancer cell proliferation. The of EGFRvlTI mRNA, 5'-AAGAAAGGUAAUUAUGU-3', where
ultimate goal of this approach is to provide a potential treat- underlined nucleotides comprise the novel cleavage site for this
ment for breast cancer by specifically targeting this receptor. ribozyme.
0 2003 Wiley-Liss, Inc.

Plasmid construction
Key words: breast tumor; EGFRvIII; ribozyme; tumorigenesis Two synthetic single-stranded ribozyme oligonucleotides were

subcloned into the mammalian vector pCR3. The sequence and
Reports have demonstrated that spontaneous rearrangements orientation of the inserts were confirmed by dideoxynucleotide

within the EGFR molecule (EGFRvm) arise in primary human sequencing of the construct using the Sequenase kit, version 2.0
brain tumors.1.2 This EGFRvlI molecule also frequently exists in (US Biochemical, Cleveland, OH). The EGFRvIH ribozyme
other human cancers, but has never 'been detected in normal sequence is: 5'-ACAUAAUCUGAUGAGUCCGUGAGGACG-
tissue.3- 9 Our early studies showed that this novel EGFRvII AAACUUUCUU-3'. This ribozyme was then subcloned into
molecule is present in over 50% of primary breast carcinomas.t 0  pCDNA3.1/zeo vector and the sequence and orientation of the
High incidence of co-expression of EGFRvHII and EGFRwt were inserts were confirmed.
detected in human invasive breast cancer tissue by Laser Micro-
dissection/RT-PCR technology." Neither EGFRvfI protein nor Ribozyme-mediated mRWA cleavage in vitro
EGFRvIII mRNA was detected in normal breast tissue.n0* 1 In The substrate EGFRvm cDNA fragment was derived by PCR
addition, expression of EGFRvIH in human breast cancer cell line with EGFRvIII full cDNA, which was generously provided by A.
MCF-7 cells shows induction of proliferation and enhanced tu- Wong. The PCR primers for subcloning of this EGFRvTII fragment
morigenicity in nude mice.12 These unique characteristics of the are: 5' primer sequence CCTCCGTCTGAATITTGCITI and 3'
EGFRvIII molecule make it an attractive candidate as a therapeutic primer sequences GCCGCGTAGATITCTAGGT.
target

.t Ribozymes are catalytically active subsets of small RNA mol-
ecules that possess the property of site-specific cleavage of RNA Grant sponsor. United States Army Medical Research and Material
substrates,1 3 thereby intercepting gene expression by forestalling Command; Grant number: DAMD 17-99-1-9206; Grant sponsor: Susan G.Komen Breast Cancer Foundation 9806; Grant sponsor. Lombardi Cancerk subsequent translation. The discovery of catalytic RNA molecules Research Center Flow Cytometry Core Facility; Grant sponsor. DHHS/
has led to the notion of. using these ribozymes as therapeutic NIH; Grant number: P30-CA-51008.
agents. The ability of a ribozyme to recognize and cleave a specific
RNA target has attracted considerable interest, because it can be
exploited to combat disease at the level of genetic information. We *Correspon, DC 2000 sear: Building,87-705i

NW, Washington, DC 20007. Fax: + 1-202-687-7505.designed and generated a tumor specific hammerhead ribozyme E-mail: Tangc@georgetown.edu
targeted to the novel fusion junction of EGFRvIIH. We demon-
strated that this specific EGFRvHI ribozyme is able to effectively
cleave EGFRvm mRNA under physiological conditions in a cell- Received 10 July 2002; Revised 18 September 2002; Accepted 10
free system, but does not cleave wild-type EGFR and other EGF- December 2002
family receptors. Furthermore, this EGFRvIII-ribozyme is capable
of downregulating endogenous EGFRvIII expression at both DOI 10.1002/ijc.11007
mRNA and protein levels in MDA435/LCC6 breast cancer cells. Published online 11 February 2003 in Wiley InterScience (www.
Downregulation of EGFRvAII in MDA435/LCC6 breast cancer interscience.wiley.com).
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We then carried out in vitro run-off transcripts from an EGFR- Anchorage-dependent growth assays
viii cDNA construct to generate the EGFRvHII ribozyme substrate. Cells were harvested using trypsin, and 3,000 cells/well were
Likewise, EGFRvIH-ribozyme was chemically synthesized as plated in 24-well plates (Costar, Cambridge, MA). All samples
DNA oligonucleotide and subsequently synthesized in vitro by were prepared in triplicate. Cells were counted in a Coulter
using the T7 RNA polymerase. Cleavage reactions were carried Counter (Beckman Coulter, Inc., Palo Alto, CA) on Day 1 (the
out in 50 mM Tris-HCL (pH 8.0) and 20 mM MgC12, Substrate following day), and Days 3 and 7. Values indicate the mean of
and ribozyme transcripts were then mixed and incubated at 50'C triplicate determinations.
for 30 min. Reaction products were analyzed on 6% urea poly-
acrylamide gel and products were detected by autoradiography. Anchorage-independent growth assays

A bottom layer of 1 ml of IMEM containing 0.6% agar and 10%
Transfection FBS was prepared in 35-mm tissue culture dishes. After the bottom

Cells (1 X 106) and 10-15 R.g of plasmid DNA were used for layer solidified, cells (10,000/dish) were then added in a 0.8 ml top
each transfection. Transfection was carried out using the Calcium layer containing 0.4% Bacto Agar and 5% FBS. All samples were
Phosphate Transfection System (Invitrogen, Carlsbad, CA), ac- prepared in triplicate. Cells were incubated for 10 days at 37 0C.
cording to the manufacturer's protocol. The cells were then se- Colonies larger than 60 pam were counted on a cell colony counter
lected in a growth medium containing appropriate amounts (350 (Ommias 3600; Imagine Products Inc., Carmel, Indiana).
pg/ml) of Geneticin (G418-sulfate; Invitrogen). In vivo studies

Autophosphorylation of EGFRvIII Four- to 6-week-old female athymic nude mice were inoculated
The cells'were serum starved overnight at 37°C prior cell lysis. into the mammary fat pat with MDA435/LCC6/wt, MDA435/

Cells were lysed in HEPES lysis buffer (50 nM HEPES, 150 mm LCC6/vector, as well as EGFRvIl1 ribozyme-transfected clones,
NaCl, 10% glycerol, 1% Triton X-100, 1.5 mM MgCl2 , and 1 mM LCC6/RzC1 and LCC6/RzC9. Tumor size was measured twice
EGTA), and the cell debris was pelleted by centrifugation-"4  weekly and calculated by measuring tumor volume (length X

The lysates were then subjected for immunoprecipitation with width X thickness). When tumor volumes reached up to 270 ± SD
anti-EGFRvIU (NeoMarker, Union City, CA), in combination with mm,3, mice were sacrificed. Xenograft tumors were surgically
Protein A-Sepharose CL-4B (Amersham Pharmacia, Sweden) removed and snap frozen for Western blotting analysis of EGFR-
overnight at 41C with gentle agitation. Immunoprecipitates were vMI expression.
then separated by SDS-PAGE and transferred to nitrocellulose. Statistical analysis.
Bound proteins were immunoblotted with anti-phosphotyrosine
monoclonal antibody (Upstate, Lake Placid, NY), followed by A general estimating equation (GEE) procedure22 was imple-
blots with 0-5 pg/ml of secondary antibody linked to horseradish mented to determine if the growth rate were different among the
peroxidase. Immunoreactive bands were detected with an en- groups for the anchorage-dependent assay. The cell counts data
hanced chemiluminescence reagent (ECL; Amersham). were transformed by natural logs to conform to normality assump-

tions. For the anchorage-independent assay, the differences in
Fluorescence-activated cell sorter (FACStar) analysis colony numbers were tested using a 2-way analysis of variance,23

Cells (1 X 106) were harvested and then stained for 1 hr with with colony size and group as the factors. In addition, a Kruskal-
anti-EGFR (Ab-1) monoclonal antibody (NeoMarker) or anti- Wallis test24 was carried out to determine whether the groups
EGFRvHII monoclonal antibody (Ab-18) (NeoMarker), or ErbB-2, differed in the proportion of colonies growing into different size
ErbB-3 (c-17) and ErbB-4 (c-18) (Santa Cruz Biotechnologies, group. For in vivo studies, a nested analysis of variance test was
Santa Cruz, CA) at 4°C. Stained cells were then washed with cold carried out to assessing the differences in tumor size.
PBS. A secondary FITC-anti-mouse antibody was used, and the
expression levels of EGFRvmI, as well as other EGF-family re- RESULTS
ceptors in each cell lines were quantitatively measured by flow Generation and demonstration of EGFRvJII ribozyme efficacy
cytometry. and specificity in a cell-free system

Semiquantitative PCR to assess EGFRvIII mRNA expression The unique characteristics of EGFRvIII receptor make it an
attractive candidate as therapeutic target Specifically, the deletionThe primers used for PCR were 5'-ATGCGACCCTCCGG- junction of EGFRvIII creates a new amino acid glycine via a

was carried out in 50 ILI volume with T U of Tai DNA polyimerase unique GUA sequence that serves as a novel natural targeting site
wascariedoutin 0 p1 vlum wih l ofTaqDNApolmerse for hammerhead ribozyme. We designed a hammerhead ribozymeat 94°C for 45 sec, 52°C for 60 sec and 720C for 90 sec. A series targeted t isovel We desite withinerhe rio mof PR smpls wre hencolectd a difernt ycls, ollwed targeted to this novel fusion junction site within the EGFRvIHf

of PCR samples were then collected at different cycles, followed mRNA (Fig. 1). This EGFRvIII ribozyme should only cleaveby a final extension step at 720C for 15 rain. EGFRvEII mRNA but not the wild-type EGFR. The catalytic
Total cellular RNAs from ribozyme transfectants were isolated activity of experimental and control ribozymes was first evaluated

using TRIZOL Reagent (Invitrogen). Equal concentrations of in an extracellular system. As illustrated in Figure 2, this EGFR-
RNA were then subjected to RT with random primers. Total RNA vMI ribozyme can cleave EGFRvMI mRNA precisely and effi-
derived from MDA435/LCC6Iwt and MCF-7/LCC2/wt cells were ciently under physiological conditions in a cell free system. Cleav-
used as controls. The resulting cDNAs were amplified on semi- age was specific as the actual sizes of the cleaved fragments
quantitative PCR by the primers for the respective construct and corresponded to the expected sizes, when cleavage occurred im-
GAPDH as an internal control (reference gene). mediately 3' to the GUA sequence. As an efficacy control, cata-

lytically inactive mutant ribozyme was engineered. The point
Northern blot analysis mutation of G-A in the catalytic domain of this EGFRvlII ri-

Total RNA was extracted from the cells using TRIzol reagent bozyme results in a loss of catalytic activity, as predicted by the
(Invitrogen) followed by isopropanol precipitation. The RNA con- mutational studies of McCall et al.15 (data not shown). We also
centration was determined by measuring absorbance at 260 nm. tested the specificity of this EGFRvLII ribozyme by using the
Ten micrograms of total RNA was electrophoresed on formalde- wild-type EGFR mRNA as a substrate. As expected, no cleavage
hyde containing 1% agarose gel and transferred the RNA onto a was observed by this ribozyme (data not shown). These results
nylon membrane. 32P-labeled EGFRvIH DNA probe was used for indicate that the GUA sequence that chosen in the novel fusion
hybridization. 18S rRNA was used as an internal control (loading junction of EGFRvLII mRNA is accessible to ribozyme mediated
control). cleavage in an extracellular system.
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FiGURE 1 - Illustration of targeted sequences and predicted structure D.
of the synthetic hammerhead ribozyme. This hammerhead ribozyme is
targeting the novel deletion junction of EGFRvm. The cleavage site of
EGFRvHI-ribozyme is indicated by the arrow.
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404 - A, p o

307 F•GURE 3- Ribozyme mediated downregulation of EGFRAv in
both mRNA and protein level in MCF7/EGFRvTII/Rz cells. EGFRvIII
ribozyme has neither affect on wild-type EGFR mRNA nor EGFR
protein expression in EGFRvIm ribozyme transfected MCF7/ILCC2

242 - breast cancer cells, a: Northern analysis illustrated ribozyme signifi-
S38cantly reduced EGFRvIII mRNA expression levels in MCF/Em/RzS5

cells and completely suppressed the EGFRvIm mRNA expression in
FIGURE 2 - Catalytic activity of EGFRvIllI-ribozyme in an extracel- MCF/Em/RzS3 cells. 28S RNA was used as loading control. b: Ri-

lular system. Lane 1: molecular weight marker. Lane 2: 32P-labeled bozyme mediated downregulation of EGFRvIII protein expression
EGFRvm transcripts with expected size of 715 nucleotides. Lane 3: levels in MCF-7/EGFRvIII/Rz cells was quantitatively measured by
cleavage products of the EGFRvMI-ribozyme (455 and 260 nucleo- flow cytometry. c: EGFRvIm autophosphorylation was correlated with
tides). reduced protein levels in EGFRvIm-Rz transfected cells. Two micro-

grams of cell lysates were immunoprecipitated with a specific anti-
EGFRvIm antibody. Precipitated proteins were then subjected to West-

Intracellular model system for studying the specificity and em blotting with an anti-phosphotyrosine antibody. d: Northern
efficacy of EGFRvIII ribozyme analysis of EGFR mRNA expression, 28S RNA was used as loading

We next investigated the catalytic activity of these ribozymes control. e: FACS analysis of EGFR expression with anti-EGFR anti-
intracellularly. The complexity of heterodimerization and trans- body.
phosphorylation between the EGF family receptors in breast can-
cer cells makes it difficult to determine the specificity of this
EGFRvmI ribozyme. Furthermore, the action of this ribozyme is to 7/EGFRvIII to examine the intracellular efficacy and efficiency of
interrupt EGFRvIII gene expression. One of our early studies have this EGFRvIII ribozyme and MCF-7/LCC2 was used as a control
demonstrated that the expression of EGFRvLII in MCF-7 human to test the specificity of this EGFRvIm ribozyme.
breast cancer cells induced cell proliferation and enhanced tumor-
igenicity in nude mice.12 We selected 2 cell lines, MCF-7/EGFR- We constructed this EGFRvIIn ribozyme in a mammalian ex-
vIi and MCF-7/LCC2, as our model systems. MCF-7/EGFRvI pression vector pCDNA3.1/Zeo under a CMV promoter control.
was established by stable transfection of EGFRvmI in MCF-7 cells We then transfected the EGFRvIi ribozyme (Rz) into MCF-7/
and appears to express high levels of EGFRvIII and very low EGFRvIII and MCF-7/LCC2 cells. Stable transfectants were se-
levels of wild-type EGFR. Expression of EGFRvmI in MCF-7 cells lected and denoted as MCF-7/Em/Rz and LCC2/Rz. Northern
induces cell proliferation and enhanced tumorigenicity in nude analysis was carried out to evaluate the enzyme activity of this
mice.' 2 MCF7/LCC2 is a stepwise in vitro selection of the hor- EGFRvIII ribozyme. As shown in Figure 3a, this novel EGFRvlII
mone-independent human breast cancer variant MCF-7 against ribozyme was capable of downregulating EGFRvIm mRNA ex-
4-hydroxytamoxifen. MCF7/LCC2 cells appear to express moder- pression significantly in clone MCF-7/Em/RzS5, and completely
ate to high levels of wild-type EGFR, but do not express detectable eliminating the EGFRvIIl mRNA expression in clone MCF-7/Em/
levels of EGFRvIm.' 6 The expression of ErbB-2, ErbB-3 and RzS3. In contrast, no effects were observed on wild-type EGFR
ErbB-4 levels in MCF-7/EGFRvIII and MCF7/LCC2 are compa- mRNA expression in EGFRvIH Rz transfected LCC2 cells respec-
rable to the untransfected MCF-7 cells. We therefore used MCF- tively (Fig. 3d). These results clearly demonstrate EGFRvIII ri-
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bozyme to be capable of downregulating EGFRvEII mRNA, and A
have no effect on wild-type EGFR mRNA intracellularly.

To further characterize the ribozyme effect, we quantitatively Le
examined the EGFRvIII ribozyme mediated downregulation of
EGFRvlH receptor protein expression in these EGFRvHI-ri- J==
bozyme transfected cells by FACS analysis. Figure 3B depicts f -

MCF-7/EGFRvEII cells expressing high levels of EGFRvHI recep-
tor. EGFRvII-ribozyme almost completely downregulates EGFR- 3 *"
vIH expression in ribozyme transfectd' MCF-7/EGFRvIH cells
(Fig. 3b). In addition, the level of EGFRvIII phosphorylation is
reduced correlating with downregulation of EGFRvIII protein lev-

els in MCF-7/EGFRvIII cells (Fig. 3c). In contrast, no effect on the ,, 1, OW u, Wp " u, up u, up

wild-type EGFR expression that was observed in EGFRvHI ri-
bozyme transfected MCF-7/LCC2 cells (Fig. 3e)- These experi-
ments demonstrate the efficacy, efficiency and specificity of this B
EGFRvIH ribozyme intracellularly. These data suggest that the
constructed EGFRvIII Rz is biologically functional ribozyme.

Imbp-

Ribozyme-mediated downregulation of endogenous EGFRvIII in flMhlp

human breast cancer cells Mbp-

To investigate the biological activity of this EGFRvmI ribozyme R

on endogenous EGFRvmI and the biological significance of
EGFRvlH in human breast cancer, we selected the human breast _

tancer cell line, MDA435/LCC6. MDA435/LCC6 cell line was
selected for growth as an ascites tumor in athymic mice from
untransfected MDA-MB-435 human breast cancer cell line' 7  FiGumR 4 - a: EGFRvIH ribozyme has no effect on the expression of

MDA435/LCC6 cells grow as both malignant ascites and solid ErbB-2 and ErbB-3. The level of ErbB-2 and ErbB-3 in MDA435/
LCC6 un-transfected cells and the ribozyme-transfected MDA435/

tumours in vivo in nude mice and nude rats, with a tumor incidence LCC6 clones were quantitatively measured by flow cytometry. b:
of approximately 100%.17 MDA435/LCC6 cells also retain the Downregulation of endogenous EGFRvIlmRNA by EGFRvIm ri-
anchorage-dependent and anchorage-independent in vitro growth bozyme. The ex(pression of EGFRvMI mRNA was detected by RT-
properties of the un-transfected MDA-MB-435 cell.17 MDA435/ PCR. RNA isolated from EGFRvII andEGFR transfected 32D cells
LCC6 cell line expresses low levels of endogenous EGFRvmll, but were used as positive control RNAs isolated from MDA-MB-435 cells
it does not express detectable levels of wild-type EGFR. EGFR- was used as negative control. As illustrated in this ethidium bromide
vIf-ribozyme, as well as an empty vector (mock transfected), was gel, the EGFR mRNA (1,151 bp) and EGFRvIM mRNA (350 bp) as

introduced into this cell line by stable transfection. The sublines detected in EGFR and EGFRvIU transfected 32D cells, respectively.

were established and designated as LCC6/Rz. We then assessed
the ribozyme-mediated downregulation of EGFRvm expression as
well as other EGF-family receptors by FACS analysis. Figure 4a growth of ribozyme-expressing MDA435/LCC6 cells was signif-

illustrates that EGFRvIlI zibozyme has no effect on the expression icantly inhibited with p < 0.0001 (Table I). To further confirm the

of ErbB-2 and ErbB-3, whereas the EGFRvUI expression was inhibition of tumorigenicity is due to the downregulation of
completely abolished. As shown in Figure 4b, EGFRvHI mRNA is EGFRvHI expression in LCC6/Rz cells, we evaluated the EGFR-

almost un-detectable in LCC6/RzC1 and LCC6/RzC9 transfectants viii expression of the xenograft tumors. Lysates obtained from

compared to LCC6 un-transfected cells. No significant effect was homogenized xenograft tumors of the untransfected MDA435/

observed in clone LCC6/RzC7. LCC6 and ribozyme transfected MDA435/LCC6 cells were sub-
jected to Western blot analysis of EGFRvIH expression with a

Downregulation of EGFRvIII in cell lines expressing specific EGFRvIlI monoclonal antibody. As shown in Figure 6,
endogenous egfrviii results in an inhibition of growth rate and EGFRvHII expression was substantially reduced in LCC6/Rz trans-
colony formation fectants comparing with the un-transfected MDA435ILCC6 cell:

The biological effect of downregulation of EGFRvMI expression These results clearly demonstrate that EGFRvIII ribozyme is bio-

by EGFRvMI-ribozyme in MDA435/LCC6 cells was evaluated by logical active in athymic nude mice, and effectively repressed

anchorage-dependent and anchorage-independent growth assays. EGFRvIII expression in breast cancer xenografts.
Downregulation of EGFRvIL expression in the MDA435/LCC6
human breast cancer cell line resulted in a significant inhibition of DISCUSSION
growth rate compared to their un-transfected cell (p < 0.0001)
(Fig. 5a). Inhibition of colony formation was independent of Epidermal growth factor receptor mutant M (EGFRvMI) is a
colony size (p < 0.0001) (Fig. 5b). In comparison with ribozyme rearrangement, ligand-independent, constitutively active EGFR
transfected MCF-7/LCC2 cells, no difference in growth rate on variant, and a tumor-associated receptor. EGFRvm involves an
ribozyme transfected MCF-7/LCC2 cells (MCF-7/LCC2/Rz) vs. in-frame deletion between nucleotides 275-1075 in the normal
un-transfected MCF-7/LCC2 cells were observed as expected EGFR gene sequence, which corresponds to a deletion of 267
(data not shown). These results indicate a partial reversion of amino acids in the EGFR extracellular domain and distinguishes it
transformation by downregulation of EGFRvIII in MDA435/ from full-length EGFR.1 It has been detected in brain, lung,
LCC6 cells. ovarian, breast and prostate cancer,2-7 and has not been observed

from normal adult tissues.8 .9 In our early studies, we demonstrated
Antitumor activity of EGFRvIII-ribozyme in breast cancer cells that high incidence of human primary invasive breast cancer

We next explored the in vivo effects of downregulation of tissues express both EGFRwt and EGFRvm mRNA in the same
EGFRvIH expression in MDA435/LCC6 cells. Un-transfected tumor, but there is no detectable level of EGFRvm mRNA in
MDA435/LCC6 cells (1 X 106 cells), as well as the mock trans- normal breast tissue." These unique features of EGFRvm make it
fected or ribozyme-transfected cells, were implanted in nude mice. an excellent target for biologically based therapies. Interestingly,
The MDA435/LCC6 un-transfected and mock transfected cells as a result of the deletion of 801 base pairs, the fusion junction
grew to a mean tumor size of 435.4 - 39 mm. 3. In contrast, tumor creates a novel amino acid glycine, which is transcribed subse-
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=100 O ~I•Gun 6-Detection of n'bozyme downregulation of EGFRvMl
0 oT expression in vivo. Lysates prepared from tumors derived from

- IMDA435/LCC6 and LCC6/Rz xenografts were subjected immuno-

LOOS LCCWI LcceIs blotted analysis for EGFRvM expression with in anti-EGFRvIU
(Ab-3) antibody. P-Actin expression (46 kDa) was re-probed to indi-

Cell Lines cate evenness of loading protein extract from each sample.

1200 ribozyme effectively catalyzes the precise cleavage of EGFRvUI
. . .. . I mRNA, whereas it had no effect on wild-type EGFR and other

WO 1000" *LC l - members of the EGF receptor family under physiological condi-
L .DLCC6R tz tions in an extracellular system (Fig. 2).

S Boo- We further verified the specificity and efficacy of the anti-
EGFRvmI-ribozyme in intracellular model -systems with MCF-7/

8W EGFRvMII and MCF-7/LCC2 cells. As shown in Figure 3, this
IsYt EGFRvIH ribozyme substantially downregulates both EGFRvIH
j400.. mRNA and protein levels in MCF-7/EGFRvIII cells and has no

Z effect on the expression level of wild-type EGFR and other EGF-
200D family receptors. These results clearly demonstrate the high spec-

ificity and efficacy of this EGFRvI Rz. To further assess the
0 efficiency of EGFRvIIH-ribozyme and elucidate the biological role

00 80 100 120 140 ofEGFRvhI in breast cancer, we carried out a series of experi-

Ske of Cobonies (i) ments targeting the endogenous EGFRvHI in breast cancer cells.
We evaluated the effects of ribozyme-mediated downregulation of
EGFRvIII in an EGFRvIII positive human breast cancer cell line,

FimA= 5 -Celf growth assays. a: Anchorage-dependent growth MDA435/LCC6 cells. We observed that the EGFRvflI mRNA and
assay. The expression of EGFRvflI ribozyme in MDA435/LCC6 hu- protein was completely abolished. Downregnlation of the EGFR-
man breast cancer cells resulted in an inhibition of 40% growth rate
compared to their un-transfected cell. Cells were plated at a density of viii in LCC6/Rz cells resulted in a reduction of colony formation
3 x l0G cells/ml. Viable cells were counted on Day 1, Day 4 and Day in an anchorage-independent assay compared to untransfected and
7 after seeding. All samples were prepared in triplicate and this assay mock transfected cells. In addition, downregulation of EGFRvIII
was repeated three times. b: Anchorage-independent growth assay in MDA435ILCC6 cells significantly inhibited tumor formation in
showed that the inhibition of colony formation was independent of athymic nude mice (Table I). In comparison, no growth effect was
colony size. A bottom layer of 1 ml IMEM containing 0.6% agar and observed in ribozyme transfected MCF-7/LC cells, respec-
10%FBS was prepared in 35-umn tissue culture dishes. Aftr the ively. This data demonstrated that inhibition of growth is corre-
bot0.8 ml top layer, containing 0.4% Bacto Agar and 5% FBS. The cells lated with the level of downregulation of EGFRvm in these
were incubated for about 10 days at 37*C. Colonies larger than 60, ribozymes transfected cells. Reduction of colony formation and
80,100, 120 and 140 um were counted by a cell colony counter. tumorigenicity suggest that EGFRvIII may play a role in
All samples were prepared in triplicate. The assay was repeated MDA435/LCC6 cell proliferation. In additioni, this ribozyme was
2 times, capable of downregulation of endogenous level of EGFRvAII in

breast cancer cells.
T,3LE I- AN1-TMOR-ACIvrY oP E3vm-R. E IN LC6 Despite the high frequency of EGFRvI expression in primary

BREAST CANCER CELLS AT DAY 25 POST-INOCULATION' invasive breast cancer specimens, we were unable to detect the
z of tr EGFRvHII expression in most of human breast cancer cell lines.

Similar observations were reported in human glioblastoma. Virtu-
LCC6/vector 435.39 t 39.0 ally, all cell lines derived from primary glioma tumor lose EGFR-
LCC6/EmRzC1 216.96 ± 79.1 viii expression in tissue culture.'s This suggests either a growth
LCC6/EmRzC9 158.37 t 50.072 disadvantage in vitro or a selection for EGFR overexpression in
i x 10' cells/site were injected in 4-6 week old female athymic vivo.19 To further provide the evidence to support this assumption,

nude mice-- p < 0.0001. we evaluated the EGFRvIU expression in MDA435/LCC6 xeno-

grafts and MDA435/LCC6 tissue cultured cells. Indeed, we were
able to detect substantially higher levels of EGFRvMI expression

quently into a ribozyme target codon GUA. We therefore gener- in the lysate obtained from the MDA435/LCC6 xenografts in
ated a hammerhead ribozyme targeting this EGFRvMI novel fusion comparison with the lysate obtained from the tissue culture of the
junction. Although the flanking sequences of this ribozyme can same breast cancer cell line MDA435/LCC6 by western blotting.
bind to both EGFRwt and EGFRvIfl mRNAs, the EGFRwt mRNA EGFRvm ribozyme significantly downregulate the EGFRvIII ex-
does not obtain this GUA ribozyme cleavage site. Thus, this pression in ribozyme transfected MDA435/LCC6 xenografts (Fig.
ribozyme is only able to cleave the EGFRvIII mRNA but not the 6). These observations further suggest that we have obtained a
wild-type EGFR mRNA. We demonstrated that this EGFRvIII biological activated and efficient ribozyme. In addition, we also
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provide the first evidence that a growth disadvantage for EGFRvII the ribozyme into the tumor cells, the potential utilization of

expression occurs in tissue culture. It implies that for some un- ribozyme targeting of EGFRvIJI may constitute a potential future

known reason, the EGFRvMII expression is enhanced and triggered promising gene therapeutic approach for a molecular defined sub-

in the in vivo environment during the tumor progression. group of EGFRvII expressing breast cancer.

. Two other recent studies have examined the effects of an anti-
EGFRvmI hairpin ribbzyme.2°.'2 Both studies demonstrated the ACKNOWLEDGEMENTS
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